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ABSTRACT 

The effect of projectile shape on thin target perforation was inves- 
tigated for five projectile shapes impacting aluminum and steel targets at 
506 m/sec.   A discarding sabot technique was developed for launching the 
unjacketed steel projectiles and accurate perforation velocity losses were 
measured using a ballistic pendulum with the targets mounted in the center 
of the pendulum.    The five projectile shapes included two pointed ogives,  a 
shape similar to a Russian 14. 5 mm AP core, a cylinder and a cone.    The 
two ogive shapes were the most efficient penetrators while the velocity loss 
of the Russian projectile averaged 15% higher.    The cone, which caused a 
combined petaling and plugging target failure, was the least effective shape. 
Calculations with two approximate perforation theories predicted smaller 
velocity losses than were found experimentally. 

in 
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I.    Introduction 

Or;e major engineering problem in weapon tyetem design has 

been the limited basic research in penetration mechanics.    Although a 

large body of empirical knowledge has been collected,  a satisfactory 

model to explain the complicated mechanisms of penetration and per- 

foration has not been developed.    The subject of ballistic perforation of 

thin targets is of particular interest to the Air Force in the design of 

aircraft armor and armament.    Simplified theories for the deformation 

and failure of thin plates have generally led to mathematical equations 

relating projectile size and shape; target strength and thickness; and 

the impact velocity.    The purpose of this study is to investigate the 

effect of projectile shape on the perforation of thin aluminum and steel 

plates.    The variation of projectile velocity with nose shape during 

normal impact at ballistic velocities is the primary area of interest. 

Background 

Penetration is defined as the entry of a missile into a target 

without completing its passage through the target, while perforation is 



the complete passage of the missile through the target (Ref 19:198). 

Plate perforation appears to involve the simultaneous action of crack 

formation,  spalling,  elastic and plastic wave propagation, friction and 

heating, and perhaps shattering of the projectile (Ref 9:241).   Failure 

PLUGGING 
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N. 

DUCTILE COMBINATION 

Fig.   1.    Common Types of Plate Failure 
(From Ref 19:206-207) 

of the plate is usually a combination of the four types shown in Fig.   1, 

with one of the mechanisms predominating (Ref 19:206-207).    Plugging 

is most common in plates of moderate thickness while petaling usually 

occurs in thin plates impacted at velocities less than 3, 000 ft/sec.   At 

higher velocities, thin plates generally fail by plugging.    The two 

modes, ductile failure, or the combination of ductile failure and 

spalling, are characteristic of thick plates of medium or low hardness. 

While a complete analysis of all perforation mechanisms is impractical, 

several simplified models have been proposed for specific failure modes. 

Survey of Perforation Models 

The works of Bethe (Ref 2) and Taylor (Ref 23),  based on a 

ductile type failure,  describe the enlargement of a circular hole in a 
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thin plastic sheet.    These analyses consider the equilibrium elastic 

and plastic streis distribution in an infinite sheet pierced by a pointed 

conical projectile.    Freiberger (Ref 6) extended these studies to include 

target inertia effects in the equilibrium equations.    Another approach to 

the ductile model considered the analogy between a plastic membrane 

and a thin flexible wire (Ref 4). 

Other theories for thin plate perforation have been derived from 

momentum considerations.    One analysis proposed for a petaling or 

dishing deformation pattern is based on the assumption that the inertia 

forces are much greater than the material strength,  a good approxima- 

tion at high projectile velocities (Ref 26).   Nishiwaki (Ref 17) derived 

an expression relating the momentum of the displaced target material 

to the pressure exerted on the target by the projectile.    This theory 

assumes that the target deformation conforms to the shape of the pro- 

jectile and that target yielding occurs under a constant static pressure 

which can be determined from static tests.    Several models for thin 

plate failure by plugging have been proposed which relate the projectile 

velocity change to the plug momentum and the energy required to shear 

the plug from the target (Refs 8,  9,  21). 

A quasi-dynamical approach by Thomson (Ref 24) considers the 

energy dissipated by plastic work in displacing the target material, 

the acceleration of the particles in the displaced material,  and the 

heat produced by friction.    This analysis, an extension of the Taylor 

hole enlargement theory,  assumes a dish type perforation pattern. 



Purpose 

Each of these approximate theories depends on projectile shape 

either directly or through an assumed type of target failure.    The 

purpose of this study is to experimentally measure the velocity losses 

for several projectile shapes perforating thin aluminum and steel 

targets.    The measured losses will be compared with values calculated 

from the models proposed by Thomson and Nishiwaki.   A more complete 

development of these theories is given in the succeeding section. 



II.    Theory 

The approximate perforation theories of Thomson and Nishiwaki 

were used to calculate predicted projectile velocity losses for compari- 

son with the experimental values. 

Thomson Theory (Ref 24) 

This theory is a quasi-dynamical analysis of the circular hole 

enlargement theory proposed by Taylor (Ref 23).    An unsymmetric dish 

type perforation pattern (Fig. 2) is assumed for the two-dimensional 

problem in which the plate thick- 

•-h. 

r-f^ 
i 

Fig.   2.   Unsymmetric Perforation 
(From Ref 24:80) 

ness is small compared to the 

hole diameter.    The projectile is 

assumed to perforate the plate at 

constant velocity without shatter- 

ing.    In his analysis,  Thomson 

derives analytical expressions 

for the energy dissipated in 

plastic deformation of the target, 

acceleration of the displaced 

target material and friction heat- 

ing.    This derivation assumes 

that the radial and axial stresses in the crater are zero and that 

plastic yielding occurs at constant volume with the circumferential 

stress equal to the yield stress. 



For the pattern shown in Fig.   2,  the plastic work per unit 

volume to deform an elemental ring,  da,  is given by: 

W r£6/y 

volume     _y Y    6 y 6/y 
o 

where c. is the circumferential strain; t   ,   is the strain at s s y; and 

o*   is the target yield stress.    But t   ,    is: 

/. ■ ZlTS s 

The work now becomes: 

W 

7   ^ - inil) (2) 

hi * ».1«^) O) volume        y       s 

For the volume,  2irh sds,  the work performed on the ring is: 

W     «  Ziro- h sln(^)ds (4) p y o s *  ' 

For all such rings,  the plastic work is: 

2. 
iry h a 

Wp  =    |      2irhjr>rsln(-£)ds  *  ^ fsl 

^ o 

2 
;y                                      iry h a 

2irh <r sln(^)ds =  r^Jt 
o y         s                   2 

As the maximum projectile radius, R,  intersects the target face, 

plastic deformation is complete and the total work is: 

nR  h <r 
Wo = —JL^ (6) 

P 2 

In calculating the dynamic work required to radially accelerate the 

target crater material, the target is assumed to be at rest.    The 

accelerating force is then given by: 
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d7 '-"zt + TTTt (7) 

The displaced target magi, M, ie irph y   and the dynamic work is: 

W, 

or 

W, 

o        dt -;o 

sffpho[xry2$dy+2ry®2d3 

(8) 

(9) 

where r is the hole size at any time t and p is the target mass density. 

From the constant velocity assumption and the geometry shown in 

Fig.  3,  the derivatives can be expressed as: 

-rr s  v-T- and dt dx 

2 2 

2 2 
dt dx 

(10) 

where v is the impact velocity.    The dynamic work for complete pro- 

jectile perforation now becomes: 

W.  =  irph v 
d r  o X 

R    7 A1 

dx 
dy + 2 ■/."'(fir dy (H) 

From a study of the friction work,  Thomson concludes that the 

energy dissipated in heating the projectile target interface can be 

neglected.    The total perforation work then becomes the sum of the 

plastic and dynamic work. 

irR  h <r 
W  = £-2- + wph v^ 

2 o dy + 2 
dx 

(12) 



Fig.  3.    Projectile Dimensiong (From Ref 24:81) 

In calculating the residual velocity,  the perforation work was 

equated to the change in linear kinetic energy from the relation: 

■rmv   - — mv    = W 
2 2        r (13) 

where v   is the residur.l velocity and m is the projectile mass.    From 

Equations 12 and 13,  the residual velocity is: 

2       2],     2lTpho 
v   = v   41  r / m j. R , .2 rR    j v < 

dx -s o 
dy 

2 
irR  h a 

o y 
m (14) 

With appropriate projectile and target parameters,  Equation 14 can be 

solved for the theoretical perforation velocity loss. 

Nishiwaki Theory (Ref 17) 

Nishiwaki proposed an expression relating the momentum of the 

target crater material to the total pressure exerted on the projectile 

by the target.    He assumes that the displaced target material remains 

in contact with the projectile nose and that yielding occurs at a pressure 

equal to the dynamic pressure plus a constant static component P0, 

8 
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which can be determined from static tetts.   For the projectile shown 

in Fig. 4, the normal and friction forces acting on an incremental 

surface element dA, are: 

Fn = Po and Ff S ^o (15) 

where |x is the coefficient of static friction.    The resistance to a pro- 

jectile moving slowly through the target is then given by: 

dR  =  P dA(sin a + |i cos a) (16) 

For a sufficiently large projectile velocity,  the displacement of target 

material in contact with the projectile is assumed to be normal to the 

contact surface with a velocity equal to the component of the projectile 

velocity in this direction.    The momentum of the material displaced 

per unit time is: 

(pvdA) sin a • v sin a (17) 

where p is the target density and v is the projectile velocity.    The 

2      2 dynamic pressure is therefore equal to pv sin a dA.    To obtain the 

resistance to projectile motion,  P   is replaced by the sum of the static 

and dynamic pressures and a coefficient of kinetic friction p,   , used in 
K 

place of |x. 

2      2 
dR  = (P   + pv sin a) dA (sin o + ji    cot a) (18) 

o K 

Neglecting the friction term,  the equation of motion for a projectile of 

mass M, is: 

M 1^ = - J   (Po + pv2sin2a) sin a dA (19) 



Fig.  4.    Nühiwaki Model 

For the conical shape, Equation 19 can be integrated in three iteps to 

give: 

M ̂ 3 2 
p sin a 

)• 

2 2 
2irpR h fin a 

M 

2 
p sin a 

(20) 

where v   if the residual velocity. 

The static pressure, assumed constant for a given target 

material and thickness,  can be calculated for aluminum from the 

equation: 

P    = 5. 4 h     kg/mm 
o o (21) 

where the numerical constant was determined from static perforation 

tests on several thicknesses of aluminum plates.    To apply Equation 21 

to steel targets, the following relation between pressure and target 

properties was assumed. 

10 
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kh <r 
po - -r1 w 

where k is a proportionality constant and d is the maximum projectile 

diametsr.    For equal values of d, Equations 21 and 22 give: 

5. 4 h a   .        .. 
PO =      o y<,t6el) (23) 

y( aluminum) 

The assumptions made in the Thomson and Nishiwaki models 

neglect several perforation phenomena which may cause appreciable 

projectile energy losses.    Neither theory considers the energy dissi-. 

pated in elastic and plastic wave propagation, target crack formation 

or projectile deformation.   Modes of target failure not considered by 

the models have been observed in experimental tests.    Greater pro- 

jectile energy losses would be expected for the more complex deforma- 

tion patterns. 

Kucher Optimal Shape (Ref 13) 

Using Thomson's energy theory, Kucher applied normal opti- 

mization techniques to find a projectile shape which minimized the 

energy dissipated in dynamical work.    This shape, described by the 

equation 

3/4 
y = R $ (24) 

was used as one of the experimental shapes in this study. 

n 



Projectile Spin 

The use of «pin stabilized projectiles in this study was based on 

an assumption that spin effects are negligible in thin target perforation. 

The validity of this assumption is supported by the results of previous 

theoretical and experimental analyses.    In his study of perforation 

work,  Thomson (Ref 24) concluded that a molten projectile target 

interface exists during perforation and that frictional losses are quite 

small compared to other energy losses.    From experimental measure- 

ments of the forces resisting penetration by a spinning projectile, 

Krafft (Ref 12) found evidence which supports the molten interface 

theory.    His results indicate that sliding friction accounts for less than 

3% and possibly less than 1% of the projectile striking energy. 

12 



III.    Experimental Procedure 

The five projectile shape* used in this study were the "Ogive", 

"Russian",  "Optimal", "Cone" and "Cylinder".   A comparison of the 

shapes is shown in Fig.  5.    The Ogive shape is the same as the core 

of a standard U. S. .50 caliber armor piercing bullet while the Russian 

nose was patterned from the core of a Russian 14. 5 mm armor piercing 

bullet (Ref 3).    Kucher's equation of an optimal penetrator for thin 

plates was used for the Optimal nose.    The Cone is a right circular 

cone with a 45 degree semi-vertex angle and the Cylinder is a flat- 

ended right circular cylinder.    The diameter of the projectiles was 

). 11 ± 0. 01 cm.    A description of the projectiles,  including lengths, 

average masses and sabots,  is given in Appendix B.    While it was 

desirable to have all projectiles equal in mass, variations between the 

different shapes were required for aerodynamic stability.    The average 

masses ranged from 18. 59 gm for the Optimal shape to 19. 88 gm for 

the Cylinder with a maximum deviation within a single shape of 0.46 gm. 

A muzzle velocity of 531 m/sec was selected to obtain the 

largest velocity change during target perforation consistent with pro- 

jectile stability requirements.    To achieve this velocity,  a constant 

load of 5. 31 gm of Dupont IMR 4064 powder was used for all data shots. 

Since this load did not completely fill the cartridge,  two cloth cleaning 

patches were used to fill the void.    A uniform projectile seating depth 

was obtained by crimping the cartridge neck into the sabot crimping 

13 
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ring.     The average muzzle velocity of the test series was 514. 74 m/sec 

with a maximum deviation of 37. 18 m/sec.    Velocity variations were 

due to differences in projectile mass and non-uniform gas leakage 

around the sabots. 

Preliminary calculations using the Thomson theory predicted 

very small differences in perforation velocity loss between the different 

shapes.    To achieve the accurate measurements necessary for compar- 

ing the five projectile shapes,  a symmetric ballistic pendulum was used 

to measure the velocity losses (Fig.   6).    The pendulum was designed 

to contain all target debris except particles near the trajectory center- 

line and pendulum accuracy was achieved through the use of a suspension 

length which was very large compared to the length of the pendulum half 

swing.    A suspension length of 243. 84 cm was used while the maximum 

pendulum half swing for the data shots was 4. 404 cm.    Photographs of 

the pendulum displacement was used to calculate the projectile momentum 

loss,  assuming a constant projectile mass.    The pendulum,   range layout 

and other equipment are described in detail in Appendix A and Appendix C 

outlines the pendulum alignment and calibration procedures.    The pro- 

jectile velocity prior to target impact was calculated from a measure- 

ment of the time to traverse the measured distance between the initial 

velocity switches.    Residual projectile velocities and target plug 

velocities were determined from two timed x-ray photographs taken down 

range of the pendulum.    The target plugs were stopped in five layers of 

3. 8 cm thick Celetex board placed inside the catch tank.    The plug momentum 

15 
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Fig, 6. Ballistic Pendulum

was calculated from the recovered plug mass and the x-ray velocity. 
Sample data calculations are given in Appendix D.



IV.    Results and Discussion 

Results 

Tables I through IV list the experimental results for the five 

projectile shapes by target material and thickness.    The tabulation 

includes projectile mass,  target impact velocity and perforation 

velocity loss.    Ratios of velocity loss to impact velocity and linear 

kinetic energy loss to impact energy are also given.    A plot of the 

velocity ratios against target thickness is shown in Fig.   7.    Since only 

three target thicknesses were used,  the data points were spread about 

the ordinate for ease of reading.    The upper part of the graph shows 

data for steel targets, while aluminum target data is shown on the 

lower portion. 

Discussion 

The average impact velocity for the 44 data shots was 506. 27 

m/sec with a maximum deviation of 60. 90 m/sec.    Velocity variations 

were attributed to differences in projectile mass and gas leakage 

around the sabots.    With the exception of Cylinder shots through steel, 

no permanent projectile deformation was detected.    Against steel,  the 

impact end of the Cylinder flattened,  shearing a target plug approxi- 

mately 10% larger than the projectile diameter.    For other shapes,   the 

target hole and projectile diameters were essentially the same. 

There were two basic target perforation patterns,  petaling and 

plugging,  for the five projectile shapes.    Petal craters were formed by 

17 



r 

H 
i 

5 X 
Xi 
ft 
H 

o 

m 

»4 

o 

CO 

W I O 

>  0 

O -H  B 

U -H  ■ 

^ > o 

o o 

to ^ 

00 N >o ^< o m -H O tr« m 
-£> -O t«- r- 5?? r- >ö m 5 M (M (M (M m m 
O O o o o o o o o o 

•   • 
o o 

m IM 

o o 

O^ 00 

o o o o o o 

a«, m 
00 (M 

o o 

r- NO r- r- M M "* •* »n «^ 

in r- 
o r- oo in ■H 00 

O O" 
•   • 
m <r 
fO N 
in m 

1^ 

m 
00* 
i-t 

in 
o 
m 5 

• 

o 
m 
m 
in 

vO 00 
1- o 
•* m 

«O OJ 
m 
CO 

CO in o i-H a^ oo 
00 00 

•-< 
a* 
l-H PH 

P4 fO 

> 

00 00 
0 0 

^< in 

i« «1 

a e 
■fc»  4-> 

0. P. 
0 0 

m 

c c 

■ a 

o^ o 

4> « 
e ö 
o o 
U U 

00 o- 
m m 

u  u 

1-4 l-H 

u u 

18 



- ■  - . ■-,■; 

1-4 

ft 
H 

H 
i •-• 

NO 
o 
NO 

e 
u 

fO 

0 

0 

<llw 

> 1 o 

■| a» 

-' >     o 

S & 
2^ 

« 

r- N >o a» >o fa o» in a* «*> in N >o 00 
<M NO (M m M ^H >o m o fO 00 m r- M 
a» o* i^ 00 ^ 9^ 00 o^ o^ o •-i •H o ^H 
o o o o o o o o 

■ 

o ■-H ■-4 
• 

i^ ^H •-* 
o o o o o o o o o o o o o o 

m f*  o o* ^ t- ^ o o 1—1 i-H "* »n ̂ H 

t» OS t- fo r- >o ■* a- vO m —t a» m 00 
-* •^ m ■«*''*'♦ ̂  ^ -* m sO m m m 
o o o o o o 

t   •   • 

o o 
■   • 

o o o 
• 
o 

• 
o o 

• 
o o o o o o o o o o o o o o 

f- ^ r~ 
o -f m 

t» M 'ö o m 
t« t» >o ^4 «*> 

(MIMM        (MNNMM 

O  CO 

M nl 

o^ m 
't o 
r>i d 

NO a» 

so r-" 

m o^ 
t 00 m 

o m O 1^ m 
a* 

r«- M 
^ 00 

m 
00 

0s m 
oo m 
-* m 

00 

m m 
00 
M 
in m <* 

00 

in 
a- 

^ m 
CO o 
m m 

o o 
oo oo 

O^ M 00        FHO»'*^©* 

o* o* w o^ o* ^ 0s oo 

(M  O 
00  00 

00   (M 
t^  CO 

9- O^ 

oo oo 

m ^ o M m >ö a» ^ co m M •* >o t* 
•-( i-i in 1-4 ^H 1-4 ^S ^ M «M M N »M »M 

«I « « 
>    >   > 

<-< r-4 .^ 1-4 pri 

• H «H «H .^4 <H si
a
n

 
■ i

an
 

S S in
d

er
 

in
d

er
 

• H -H -H 4J «i 4J 4J 4^ a a a c rH rH 
U) 00 M (X 0< P< P< cu 0 J* 0 0 >s ►. 
0 0 0 0 0000 « a; u u ü Ü 

19 



NO 

H 
i 

o 
NO 

6 o 
-o 
5 

0 

z 
ft 

« 

w 
<3 w 

> I   o 

■ ^ 

•s as 
ü   W 

■Si, jo 

U   .H     ■ 
I«   0>v 

^ >    o 
> 

s a 

o 6 

I« 

w 

If» <r «*» >o -» o^ fo m oo -^ -H 0s 

•-t -H •-4 i-t t* ct m >o ^ o M <* 
NO (n o» r- o c* 

i—1 i-l CJ »-H 

o o o o o o o o o o o o 

►H >0 N ^ a* >o 00 >0 v£ ^H •-4 >0 
00 CO ^ CO •-H m 'H PJ >0 PH O »H 
sO t* oo >o oo oo o o^ o o a^ 0s 

o o o o o o 
t   • 

^i O •-! l-H o o 
o o o o o o o o o o o o 

*0   ^H 
o m 00   ^ 

rH   00 
•-•   NO   »M   ^H 
N I-I ro m oo oo 

vO oo 
•^ CO 

•M 00  O  PH 
in 't m m 

•* "* ^ ^ 

■* t- oo N O I-I 
in fo •-< oo 

in m 
m M 

o^ o 
m in 

M oo 

00  vO 
00   N 
^ m 

N oo 

o a» 
in ■*• 

M O IM ^ 
•-• pa r- ^H 
in m ^t in 

0s CT- <M NO 

t» >o O* t"- 

<r oo 

r- oo 
oo oo 

a« o* oo oo a» a» O* 0s O* CT* a^ a* 

00 o* a» o ^H N M «*> (*» m ■^ NO 
«M (M »o •>* «*» ^ «n «*> ^ in «n n 

bo bo 
0 0 

0    0 
as os 

V « v « 
c c c c 
o o o o 
Ü U Ü Ü 

h u 

c a 
• rl -rt 
f-4 rH 

20 



1« 

v 
00 
u 
It 
H 
•—i 
0) v 
w 
o 
co 
o 

6 
o 

1-4 

co 

u 
.0 

W 
w 

CO _. 
C   ■ u 
O   0 v 

o tJ c 

U      H      ■ 

>   o 
> 

*     M s- 

^1 

^H •* «o r~ "♦ vö >o CO 
vO o ro ro m o If» fO 
00 00 M CO f- o 1*. >o 
1^ ^H N fM PJ M CO «o 

o o o o o o 

(T- r- t- o 00 -H CO  -< 
r- t 00 ^ 00 o O^ »M 
<r a* ■-< N ^ ^ o o 
o o p-H I—I i-H l-l N M 

o o o o o o 

o ~* 
P0 00 

o «o 00 o 
00 ff» 

a- 00 

"* o O^ CO r- oo -#   vO 
in m 't m rf   if 4 ^ 

3 > 

I-H 

si
an

 
si

an
 

« V in
d

er
 

in
d

er
 

X ■Z *< ■ ■ c e l-l l-H 
w M) p. S 3 0 0 >s >s 

0 0 tf P5 U U u u 

21 



0 

0M 
□ 

Ogive         -     0 
Optimal    -    ^ 
Russian    -    O 

OM Cone          -      • 

CM 

Cylinder   "    D 

\                     OM 

t 

*                                                                                                                       1 

* 
^    *" 

O                                                               j 
o                                    1 

i      ^ 
S                                       j 

004 

0 

^^          'Aluminum        0                                                                        ! 

\              eti 

\                 0 

GÜ 

I-^J                                      u^_.                                       L^-J 

T9f9*t  n/a*€Sst OtSi cm 

Fig.  7.    Projectile Velocity Lois 

22 



I 

the Ogive and Optimal shape■ while the Cone and Cylinder shape• 

plugged the target.    The Cylinder plugs were flat discs with a nearly 

uniform thickness equal to the target thickness,  indicating negligible 

target yielding prior to shear failure.   Small spherical depressions in 

the center of the impact face of the plugs were probably caused by a 

compressed air pocket at the projectile target interface.    The Cone 

plugs were cratered in a conical shape, with the thickness varying 

from zero at the crater vertex to the target thickness at the outside 

shear face.    Petal cracks in the crater indicated ductile target yielding 

prior to failure.    The Russian projectiles caused target petaling but on 

each shot, one or more of the petals fractured from the target and 

were found in the pendulum liner.    All detectable target debris, other 

than trajectory plugs, was contained in the ballistic pendulum. 

The experimental error for the projectile velocity losses 

measured with the pendulum was 1. 6%.    For the Cones and Cylinders, 

a decreased accuracy of 3. 8% resulted from additional measurements 

of the plug momentum.    To verify test data, multiple shots were fired 

into each target.    For the aluminum targets, two tests were conducted 

with each projectile shape, while additional shots with selected shapes 

were used to determine data reproducibility.   Although the projectile 

mass and velocity variation between data shots precludes a direct 

quantitative comparison of different shapes,  some qualitative con- 

clusions can be made.   In this comparison,  the ratio of the residual to 

impact velocity was taken as a measure of the perforation effectiveness. 
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Ogive and Optimal Shapes.    With the overlap in perforation data 

for these projectiles, neither shape can be established as the more 

efficient penetrator.    In general,  the slender pointed Ogive and Optimal 

shapes appear to be more effective than the blunter noses of the other 

projectiles.   Aerodynamic instability after target perforation was a 

problem with both projectiles during data tests.    On shots against the 

0. 317 cm and 0. 476 cm targets, projectile yaw angles up to ninety 

degrees from trajectory were found in the x-ray photographs.    Two 

Optimal shots struck the rear end plate of the pendulum and the data 

had to be discarded.   A modification on the remaining Optimal pro- 

jectiles moved the mass center forward, providing improved stability 

on subsequent firings. 

Russian Shape.    While these projectiles lost more velocity in 

target perforation than either the Ogive or Optimal shapes, the relative 

effectiveness of the Russian shape increased with target thickness. 

The energy required for initial hole formation by the blunt nose may 

account for most of the difference between this projectile and the 

pointed shapes.    The Russian projectiles were the most aerodynamically 

stable of the five shapes, with no observed deviation from trajectory on 

any test shot. 

Cones and Cylinders.    Of the five shapes tested,  the Cone was 

the least effective p -   or aluminum targets.    Target failure for 

both the Cylinder and Cone was by plugging with the Cylinder plugs 

leaving the target at a velocity greater than the projectile, while the 
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Cone plugs remained in contact with the projectile nose.    The larger 

velocity loss of the Cones probably resulted from the additional energy 

expended in deforming the target prior to plug failure. 

To obtain a measure of the relative performance of the pro- 

jectile shapes,  average values of the ratios of energy loss to impact 

energy were calculated for each shape and target thickness.    These 

averages which are plotted against the three aluminum target thick- 

nesses in Fig. 8,  show the general effect of shape in target perforation. 

The Thomson and Nishiwaki theories were used to calculate 

predicted residual velocities for comparison with the test data.    The 

projectile shape equations,  required in these calculations, were known 

for each of the shapes except the Ogive and Russian.    To obtain 

expressions for these shapes, coordinates of points along the nose 

curves were measured and key punched on IBM data cards with the 

Automatic Film Reader described in Appendix A.    An IBM 7094 

computer was used to fit least squares polynomial curves to the 

coordinate data.    Attempts to fit the Russian shape resulted in second 

and third order curves with large deviations from the true shape,  and 

higher order polynomials which contained irregular curve reversals 

between data points.   A good approximation to the Ogive shape, with a 

maximum devistion of 0. 27 mm,   is given by: 

y = 0. 0191472 x3 - 0. 193018 x2 + 0. 719882 x + (25) 

0.00661773 

A plot of this curve and the input coordinates is shown in Fig.  9. 
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Velocity losses for the Ogive, Optimal and Cone shapes were 

calculated from the Thomson energy theory while the Nishiwaki theory 

was used in calculations for the Cone and Cylinder shapes.    Theoreti- 

cal velocity losses were not computed for the Russian projectiles since 

the equation of the nose shape was unknown.    The target yield stresses 

8 2 
used in the calculations were 27. 58 x 10   dynes/cm   for aluminum and 

34. 47 x 108 dynes/cm2 for steel (Ref 3). 
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Tables V-VIII list the theoretical and experimental data by 

target type and thickness and Figs.   10-13 show a comparison of the 

theory for each projectile shape against aluminum targets.    Both theories 

predict lower velocity losses than were found experimentally.    This 

disparity increased with target thickness and was much larger in the 

steel target calculations.    In general,  the Nishiwaki theory provides 

closer agreement to the Hata with differences which vary little with 

projectile shape but appear to depend on target thickness and material. 

The most logical term in the Nishiwaki model to account for this type 

of variation is P   which was determined from static tests.    Since this o 

method neglects the increase in target resistance during dynamic per- 

foration, a better approximation to the data should be obtained with a 

value of P   corrected for dynamic effects.    This dynamic pressure 

should be a function of the static yield pressure, target thickness and 

impact velocity.    Two possible forms are: 

P    =kPhv or P    =kPhv2 (26) 
dooo dooo 

The value of k would have to be determined from the experimental data. 

The differences between the Thomson theory and experimental data for 

the cone shape are not representative since target failure by plugging 

was not considered in the theoretical model.    For the Ogive and Optimal 

shapes,  the differences between theory and experiment appear to vary 

with both projectile shape and target properties.    The use of a dynamic 

yield stress in the Thomson equation should provide better overall 
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Fig.   13.    Theoretical and Experimental Velocity Losses 
for Cylinder Shape (6061-T6 Aluminum Targets) 

36 



• 

agreoment.    Theory values for a yield »treuu of 68. 95 x 10° dyne«/cm^ 

are shown in Figs. 10-12 for comparison. 
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V.    Conclusions and Recommendations 

Conclusions 

Pointed projectiles such as the Ogive and Optimal shapes which 

cause target petaling during perforation,  are more efficient penetrators 

of thin targets than blunt shapes which plug the target.    The combined 

petaling and plugging target failure observed in the Cone shots,  requires 

more energy than either of the single modes of failure.    Small dif- 

ferences in the perforation velocity loss of the Ogive and Optimal 

projectiles indicate that within some range of pointed ogival shapes, 

there is little variation in perforation efficiency.    While the Russian 

shape lost more energy than the Ogive and Optimal shapes,  the 

excellent stability of this projectile should make it more effective 

against bumper type targets. 

Calculations made from the two approximate theories predicted 

velocity losses   lower    than the experimental values, with the devia- 

tions increasing with target thickness and strength.    Differences 

between the Nishiwaki theory and measured values for the Cone and 

Cylinder projectiles were essentially independent of shape,  indicating 

that better agreement could be achieved with a correction for target 

material properties.    The variation of the Thomson theory from experi- 

mental data is more complex,  involving both projectile shape and 

target properties.    The energy expended in initial crack formation and 

in causing target deformations not considered in the theories are the 
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probable reasons for the deviations between theoretical and experi- 

mental data. 

Recommendations 

The following recommendations are based on the results and 

experimental methods of this study. 

a. Two changes in the ballistic pendulum design and suspension 

are suggested to increase the measurement accuracy and improve the 

experimental method.    The radio dial cord suspension was subject to 

changes in length with pendulum weight and temperature and future 

investigators should consider a less extensible suspension such as 

steel piano wire.   While the large size of the pendulum used in this 

investigation contributed to the stability of the motion,  the fully 

enclosed box made target access difficult.    A design incorporating a 

frame of similar size,  but with a smaller enclosed target area would 

allow easier access to the target and reduce the problems of pro- 

jectile stability downrange of the target. 

b. Further studies should be made to compare the results of 

this study with perforation theories.    To allow comparison of the 

Russian data,  different curve fitting techniques could be employed to 

find an analytical expression to describe the nose shape.    Additional 

analysis of the Niahiwaki theory is suggested to obtain better agree- 

ment with the experimental data and to extend the theory to allow 

calculations for ogival shapes. 
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Appendix A 

Description of Equipment 

The Air Force Material« Laboratory Low Velocity Impact Test 

Range was used for this study.    This facility,  located in Building 44, 

Area B, Wright-Patterson Air Force Base, Ohio,  is operated by the 

University of Dayton Research Institute under Air Force contract.    The 

range equipment,  consisting of the gun,   sabot catch tank,  ballistic 

pendulum,   velocity measurement and flash x-ray systems,   is shown 

in Fig.   14 and is briefly described in this appendix. 

Gun 

The gun consists of a Frankford Mann universal mount with 

interchangeable barrels of various calibers.   A.50 caliber barrel, 

rifled for one revolution per 25. 4 cm of travel, was used for all data 

shots while pendulum calibration shots were fired from a standard 

J08 caliber barrel.    The experimental projectiles with sabots were 

loaded in.50 caliber cartridges and percussion fired by a remotely 

controlled electric solenoid.    A load of 5. 31 gm of Dupont IMR 4064 

powder was used for all data firings in this series. 

Sabot Catch Tank 

A steel sabot catch tank was positioned 55. 88 cm in front of the 

gun barrel to trap the copper sabots and contain the muzsle blast.    The 
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sabots entered the tank through a 38 cm opening and were stopped in 

seven layers of 6. 4 mm thick plywood.   An 8 cm diameter hole through 

the plywood allowed the unrestricted passage of the projectile through 

the tank. 

Contact Switches 

Sandwich-type contact switches constructed of aluminum foil 

and Mylar were used to trigger the velocity chronographs and x-ray 

equipment.    A layer of 0. 03 mm foil with a sheet of 0. 013 mm Mylar 

insulation attached to the front face of the target formed the trigger 

delay generator switch while the switches for the initial velocity 

chronograph and second x-ray unit consisted of two layers of foil 

separated by a sheet of Mylar.    A 600 volt potential applied across the 

switches produced an electrical triggering pulse as the projectile 

perforated the insulation.    Fig.   15 shows a block diagram of the switch- 

ing circuitry. 

Chronographs 

The initial projectile velocity was measured over a 1. 22 m 

interval 2. 45 m in front of the target.    The time between contact switch 

pulses was recorded to the nearest microsecond with a Beckman 

Universal EPUT and Timer, Model 7360A.    The velocity was calculated 

within 0. 05 m/sec with an average error of i0. 25%.    The time between 

x-ray photographs was recorded on a Beckman/Berkly Universal EPUT 

and Timer, Model 7370,   triggered by the input pulses to the x-ray units. 
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Flash X-ray Syatem 

Two 150 kv flash x-ray photographs downrange of the pendulum 

were used to determine the velocity of target plugs and to check the 

projectile residual velocity.    The equipment consisted of a Field 

Emission Corporation Model 154, 4 channel control unit; two x-ray 

heads mounted along and 114 cm above the trajectory; and two film 

cassettes positioned 26 cm below the centerline (Fig.  14).    Triggering 

of the first x-ray was through a Beckman and Whitley Model 100 

Trigger Delay Generator set for a 1450 microsecond delay from the 

target switch signal.    The second x-ray was triggered directly from 

the rear contact switch. 

Ballistic Pendulum 

The ballistic pendulum was a rectangular wood box, 76. 2 cm 

in length, with a braced frame made of 2. 54 cm x 2. 54 cm pine and a 

0. 32 cm plywood covering on the sides.    Construction was symmetric 

about the axial centerline and the geometric center with a square 

cross section measuring 

25. 4 cm on each side and an 

interior opening of 20. 32 cm x 

20. 32 cm.   A plywood bulk- 

head (Fig.  16) at the center of 

the frame was designed to 

accept 14. 68 cm x 14. 68 cm 
Fig. 16.  Target Bulkhead 

and Face Plate 

46 



targets in thicknesses up to 0. 635 cm.    The targets were locked in 

position by a removable face plate attached to the bulkhead by 8-32 

bolts and wing nuts.   A 10. 16 cm x 10. 16 cm opening through the bulk- 

2 
head and face plate provided 103. 22 cm   of target impact area with the 

2 
target supported equally along each edge over a total area of 112. 28 cm . 

Metal contacts in the bulkhead and face plate connected the target switch 

to the trigger delay generator. 

Pendulum Fittings.    The interior length of the pendulum on each 

side of the target was lined to contain target debris and to protect the 

basic frame.    The removable liner was an open rectangular box con- 

structed of 0. 32 cm thick poster board covered with two layers of 

0. 16 cm thick ballistic felt.    Square end plates, measuring 25. 4 cm x 

25. 4 cm,  made of 0. 32 cm thick tempered masonite were attached to the 

pendulum with 8-32 bolts and wing nuts.    A 0. 63 cm thick layer of 

ballistic felt was glued to the inside face of the end plates to absorb 

target debris and a 6. 35 cm diameter hole allowed projectile entry 

and exit.    To change the pendulum weight,  steel plates were attached 

to the sides with 10-24 bolts and wing nuts.    The average mass of the 

basic pendulum was 4520 gm. 

Pendulum Suspension.    The pendulum was suspended with radio 

dial cord in the five wire configuration described by Gay (Ref 7:6-10) 

and shown in Fig.   17.    Aluminum beams attached to a 3. 7 m high 

scaffolding formed a level ceiling plane for the 2. 44 m suspension 

system while three 0. 32 cm thick brass pendulum supports formed a 
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Fig.   17.    Pendulum Suspension 
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pendulum support plane through the center of the pendulum.    To 

eliminate hinge moments and keep the pivot axes in the support planes, 

the dial cord was passed through 1. 6 mm holes in the supports and 

fastened on the opposite sides. 

Pendulum Instrumentation.   A piece of tinned wire attached to 

the bottom of the pendulum served as a light reflector for monitoring 

the pendulum motion.    A mirror and reference scale were mounted on 

a tripod which was adjusted to keep the scale at the level of the 

reflector.   A bottom view of the reflector and scale was reflected in 

the silvered mirror and photographed with an open shutter Burke and 

James View Camera positioned 90 degrees to the pendulum path. 

Polaroid 255A positive-negative film was used with an f. 22 lens setting 

and a standard photoflood light source.   This system is shown in 

Fig.   18. 

Automatic Digital Film Reader 

An automatic digital film reader was used to read the photograph 

negatives of the pendulum motion.    With this sytem,  shown in Fig.   19 

and described in detail in Ref.  22,  the deflections were measured to 

an accuracy of 0. 08 mm.    This unit, coupled to an IBM Model 26 

cardpunch, was also used to obtain coordinates of projectile nose 

curves. 
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Fig. 19. Automatic Digital Film Reader



Appendix B 

Projectile Design 

Two ballistics problems encountered in this study were pro- 

jectile design and the development of a method for launching un- 

jacketed projectiles at a velocity of 518 m/sec, with sufficient stability 

to achieve normal target impact.    The location of the target at the 

center of the ballistic pendulum placed an additional requirement for 

projectile stability after target perforation in order for the projectiles 

to clear the rear of the pendulum.    To solve these problems,   spin 

stabilization tests were conducted with discarding sabot projectiles 

fired from a rifled.SO caliber barrel. 

In early trials, both standard .50 caliber cores and conical 

nosed projectiles made of 1. 11 cm diameter tempered steel drill rod 

were fired with plastic sabots, leather patch sabots and sabots made of 

two halves of split copper tubing.    Due to inadequate friction between 

the sabot and projectile,  these launch 

methods failed to achieve appreciable 

projectile spin.   A partially successful 

teclinique was the use of the split 

copper tubing sabot, notched to grip 

a square which was machined on the 

rear of the projectile (see Fig.  20). 

/\ 

SABOT NOTCH 
SQUARE 

(CO'l) 
Fig.  20.    Square Base 

Copper Sabot 
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To maintain launch integrity, the aabot was soldered to the base of the 

projectile. Good projectile spin was achieved with this method, but 

aerodynamic instability occurred on some shots which was attributed to 

uneven sabot separation. Although these tests were unsuccessful, the 

results were useful in the design of the final launch configuration.

Projectile Sabots

In the data gathering phase of this experiment, projectiles were 

launcV'ed with copper sabots crimped into two v-notches in the side of 

the projectile. Half-hard copper tubing with an outside diameter of 

1. 27 cm and a 0. 89 mm wall thickness was cat in 3. 49 cm lengths and 

split lengthwise to form the two sabot halves. The 90 degree v-notches 

were machined on opposite sides of the projectile, 0. 95 cm from the 

base and the sabots were crimped into the notches with a special 

crimping die (Fig. 21). A 0. 8 mm wide, 0. 127 mm deep groove was 

cut in the outer circumference of the sabot. This groove, located 

6. 4 mm from the base, formed a ring into which the cartridge was 

crimped during loading. The launch configuration is shown in Fig. 22.

Fig, 21. Sabot Crimping Die

CRIMfO

V-NOTCH-

<

CRIMPING RING

Fig. 22. Experimental Sabot



GAW/MC/69-2

Experimental Projectiles

The experimental projectiles were machined from 1. 11 cm 

diameter tempered steel drill rod with the overall length and mass 

distribution adjusted to achieve suitable stability after target perfora­

tion. Fig. 23 shows the projectile dimensions and Fig. 23 is a photo­

graph of the actual projectiles and sabots.

. - imm m

Fig. 24. Experimental Projectiles and Sabots

Ogive Shape. This projectile, referred to as the "Ogive", was 

3. 49 ± 0. 01 cm long with an average mass of 19. 31 gm. The nose
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•hape wa» patterned from a machine drawing of the core of a U. S.  50 

caliber armor piercing bullet. 

Russian Shape.   The "Russian" shape was patterned from an 

armor piercing core from a 14. 5 mm Russian bullet (Ref 3).    The 

length was 3. 17 i 0. 01 cm with the base center drilled to a depth of 

0. 32 cm,  giving an average mass of 19. 66 gm. 

Optimal Shape.    The "Optimal" projectile was shaped from 

Kucher's equation (Ref 13:11) of an optimal penetrator for thin armor 

plate.   The total length was 3. 49 i 0. 01 cm with an average mass of 

19. 38 gm for the projectiles used against the 1. 59 mm and 3. 17 mm 

aluminum targets.   For shots against the 4. 76 mm aluminum and 

1. 59 mm steel targets, the projectile bases were center drilled to a 

depth of 1. 11 cm and the forward 0. 8 cm of the hole filled with lead to 

shift the mass center forward.    The average mass of the»« projectiles 

was 18. 59 gm. 

Cone.    Thin projectile was 3. 17 ± 0. 01 cm in length Wth a 45 

degree conical no«e.    The base was center drilled to a depth of 0. 32 cm, 

giving an average projectile mass of 19. 7 gm. 

Cylinder.   The cylindrical shape was 2. 86 1 0. 01 cm long with 

an average mass of 19. 88 gm. 
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Appendix C 

Ballistic Pendulum Alignment and Calibration 

Pendulum Alignment 

Final adjustments in pendulum alignment were made using a 

Watkins Johnson Model 291 Laser.    The laser was bore sighted through 

the gun barrel to provide a visible range centerline and the longitudinal 

axis of the pendulum was then aligned with the trajectory.    The laser 

beam, reflected from a mirror mounted in the target position, was 

used to align the target and to eliminate side and rocking motion of the 

pendulum.    Plywood shims were glued to the support face of the target 

holder to achieve a target orientation normal to the trajectory, 

indicated by the superposition of the reflected and incident laser beams. 

To obtain level,  linear motion,  the pendulum was placed in motion and 

small adjustments made in the suspension until the reflected laser 

beam remained stationary on the incident beam.    To eliminate rolling 

motion, a mirror was attached to the side of the pendulum and the 

laser aligned to superpose the incident and reflected beams.    The 

pendulum was again set in motion and small suspension adjustments 

made to keep the laser beams superimposed. 

Pendulum Period 

The period of the lateral pendulum motion was determined from 

five measurements of the time to complete ten cycles.    Measurement 
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over a larger number of cycles was impossible as the motion was 

essentially damped out after ten periods.   A chronograph was manually 

triggered to record the times to the nearest l/lO of a millisecond with 

the results shown in Table IX. 

Table IX 

Lateral Period Calibration 

Test No. Number of Periods        Time (sec) Period (sec) 

1 10 
2 10 
3 10 
4 10 
5 10 

Average Period:   0. 448 sec 

4. 3880 0.4388 
4. 4556 0. 4456 
4. 9246 0.4925 
4.5026 0.4503 
4. 1617 0.4162 

The longitudinal period was measured by timing thirty pe.idulum 

cycles before and after each data shot.   A chronograph,  triggered by 

a pendulum switch,  recorded the times to the nearest l/lO millisecond. 

The switch consisted of two fine wires attached to a board which was 

raised into position to allow the wires to contact the brass pendulum 

support (Fig.  25).   At contact, a 600 volt potential applied across the 

wires created an electrical arc which triggered the chronograph.    To 

minimize the drag on the pendulum, the contact wires were made of 

watch spring steel.    The switch was mounted to make contact with the 

support at the center of the pendulum swing with a maximum variation 
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Wrfck spring 
cofttacf wires 

Fig.  25.    Pendulum Timing Switch 

between the twitch positions at the start and end of a timing cycle of 

3 mm, caused by slight deflections of the contact wires. 

Pendulum Damping 

Pendulum damping forces were evaluated by calculating the 

decrease in amplitude per cycle of the free swinging pendulum.    Succes- 

sive values of pendulum amplitude were measured from timed photo- 

graphs of the 1st,  10th,  20th,  30th and 40th swings of the pendulum. 

Six damping tests were made to cover the range of amplitudes obtained 

on data shots.    Treating the forces as a damped tree vibration,  the 

amplitudes were related by: 

k(n-m) x    = x     e 
n        m 

(27) 

where x   is the amplitude of the nth swing,  x    is the amplitude of the 
n "      m 

mth swing, and k is the damping coefficient (Ref 5: 37). Values of k 

were calculated for each amplitude measured and for each change in 

pendulum configuration.   To obtain the undamped pendulum amplitude. 
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the damping correction for one quarter of a cycle was applied to the 

measured amplitude through the relation: 

xo = x^ (28) 

Pendulum Calibration Shots 

The ballistic pendulum was calibrated with 1. 04 gm steel 

p.pheres fired into the pendulum from 8,308 caliber barrel.    A wood 

block with an 8. 89 cm x 8. 89 cm target area and a length of 10. 16 cm 

was used as the target for stopping the spheres.    The sphere velocity 

was calculated from the measured time to travel 32. 61 cm between 

two contact switches in the pendulum.    The switches were mounted on 

the pendulum front end plate and on the face of the target block and the 

time was recorded to the nearest microsecond with a chronograph. 

The horizontal pendulum displacement, measured from photo- 

graphs of the motion, was used to calculate the pendulum momentum 

from the relation: 

Zircm 
p 

P P T (29) 

where m   is the pendulum mass, v   is the pendulum velocity,  T is the 

pendulum period and c is the chord of the pendulum arc (Ref 7:7-8). 

In computing the momentum,  the chord,  c, was replaced by the 

measured value, d (Fig.  26).    For the suspension length, L,  of 

243. 84 cm and a maximum displacement, d, of 3. 2 cm,  the maximum 
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error resulting from this substitution was 0. 0003 cm or 0. 009%.    The 

results of the calibration are given in Table X. 

Aerodynamic Drag 

To determine a correction 

factor for the momentum imparted to 

the pendulum through aerodynamic 

drag,  each projectile shape was fired 

through the pendulum with a sheet of 

0. 013 mm Mylar mounted as a 

target.    The Mylar served as an 

effective target for the drag forces 

while producing negligible resistance 

to projectile perforation.   An assumed drag force proportional to the 

square of the velocity was used in the equation of motion to give: 

Fig.  26.    Pendulum 
Displacement 

2 dv 
D ' kDv ' mdr 

(30) 

where m is the projectile mass; v is the projectile velocity; and k    is 

a drag coefficient.    Changing variables, the equation becomes: 

2 dv kD ,     _ dv 
k^v    = mv^-     or     — dx = — 

D dx m v 
(31) 

and upon integration: 

• ^) 
or v    = v e 

2        1 
-S(Vxi) 

(32) 

Values of k    were calculated for each projectil« from the drag test 
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measurements, assuming a constant momentum loss over the pendulum 

length.    These values,  listed in Table XI, were used to correct the 

pendulum and velocity measurements of data shots. 
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Appendix D 

Data and Data Reduction 

In this investigation,  data was obtained from three basic meas- 

urement techniques; a chronograph for initial velocity; the ballistic 

pendulum for projectile velocity losses; and timed x-ray photographs 

for residual and plug velocities.    The basic data is given in Tables XII 

through XVII. 

Initial Velocity Data 

The initial projectile velocity was determined from measurements 

of the time to travel a measured distance between the initial velocity 

contact switches.   A chronograph recorded the time to the nearest 

microsecond and the velocity was calculated to the nearest 0. 05 m/sec 

with a maximum error of iO. 25%.    Aerodynamic drag calculations 

described in Appendix C, were applied to this velocity to determine the 

target impact velocity. 

Ballistic Pendulum Data 

The pendulum data was reduced in the same manner as for the 

calibration shots described in Appendix C.    Horizontal pendulum dis- 

placements measured to the nearest 0. 08 mm with the Automatic Film 

Reader (Appendix A), were taken as the chord of the pendulum arc, 

To correct for parallax, the measured chord was reduced by the 
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correction shown in Fig.  27.    Aerodynamic drag and pendulum damping 

correction were applied to obtain the corrected chord which represented 

the pendulum displacement due to the projectile momentum lost by the 

projectile in target perforation. 

The longitudinal period of the pendulum swing was measured 

before and after each data shot, with an average of the two values taken 

as the period.    The mass of the basic pendulum box was measured 

daily with a comparator balance while the mass of the target,  liners and 

end plates were determined by weighing the components before and 

after each shot.    Four steel plates with a total mass of 4. 532 kg were 

added to the pendulum to control the swing on shots against the thicker 

targets.    The total pendulum mass used in the calculations was the sum 

of the basic frame and all fittings. 

X-ray Measurements 

The basic purpose of the flash x-ray measurements was to 

determine plug velocities for the Cone and Cylinder shots.    On six 

tests,  the initial velocity chronograph failed and the projectile velocity 

was determined from the x-ray photographs.    These values were 

corrected for aerodynamic drag to determine the target impact velocity. 

Relative positions between the two x-rays were measured with 

a scale prepared from x-ray photographs of a reference positioned 

along the trajectory.    Wire cross hairs on each film holder provided 

an orientation reference for aligning the data photographs.    The time 
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between x-rays, within ±4 microseconds, was recorded on a chrono- 

graph and the measured time and distance used to calculate plug 

velocity.    This velocity and the mass of the recovered plug were used 

to determine the projectile momentum imparted to the plug. 

On shot no.  22 the x-ray chronograph failed and the plug velocity 

was calculated, as sunning a plug velocity equal to the residual pro- 

jectile velocity.    The validity of this assumption for the Cone plugs is 

supported by photographs from the other data shots.    The projectile 

velocity losses given in Tables XVI and XVII are the losses due to plug 

momentum and the total projectile loss is the sum of this value and the 

pendulum loss,  A V  . 
"   P 
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